This review focuses on biologically active entities from invertebrate sources, especially snails. The reader will encounter several categories of compounds from snails including glycosaminoglycans, peptides, proteins (glycoproteins), and enzymes which possess diverse biological activities. Among glycosaminoglycans, acharan sulfate which was isolated from a giant African snail Acahtina fulica is reviewed extensively. Conotoxins which are also called conopeptides are unique peptide mixtures from marine cone snail. Conotoxins are secreted to capture its prey, and currently have the potential to be highly effective drug candidates. One of the conotoxins is now in the market as a pain killer. Proteins as well as glycoproteins in the snail are known to be involved in the host defense process from an attack of diverse pathogens. Carbohydrate-degrading enzymes characterized and purified in snails are introduced to give an insight into the applicability in glycobiology research such as synthesis and structure characterization of glycoconjugates. It seems that simple snails produce very complicated biological compounds which could be an invaluable source in future therapeutics as well as research areas in natural medicine.
Introduction
When you start your journey, what would do you place the first priority? There are many things to consider, probably, you would search the map to get to your destination. The same strategy may be applied when you start the journey of a new drug discovery. It has been known that more than 50% of drugs are originated from natural products. Several examples include paclitaxel (taxol) as an anticancer drug, aspirin as an antipyretic and anti-inflammatory drug, and penicillin as an antibiotic. For a journey of a new drug discovery, fortunately, we are able to use 'Earth' as a natural resource where Mother Nature provides us abundant and endless natural products including plants, animals, microorganisms, and marine sources. Among animals, various vertebrate and invertebrate sources have been used as natural medicine such as cod liver oil, honey, nok yong, blister beetle, musk, toad venom, bear bile, scorpion, human placenta, earthworm, oyster shell, and so on. However, invertebrate source has not attracted much of researchers' attention as it seems a very simple creature. This review focuses on the biologically active entities from snails which is one of invertebrates in land as well as in water.
Biologically active entities from snails
Glycosaminoglycans: acharan sulfate Glycosaminoglycans (GAGs) are large, linear polysaccharides that are highly charged, containing both carboxylic acid and sulfate groups. GAGs are covalently O-linked to serine and/or N-linked to asparagine of core proteins except hyaluronic acid [1] . GAGs include heparin, heparan sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate and hyaluronic acid. GAGs play important roles by interacting with biological proteins such as enzymes, enzyme inhibitors, cell adhesion molecules, chemokines, growth factors, pathogen and viral surface proteins [2] . The GAG-protein interaction exhibits diverse biological activities including blood coagulation, cell differentiation, cell growth, host defense from pathogens, and cancer [2] .
GAGs have been isolated from various tissues obtained from a large number of animal species including both vertebrates and invertebrates [3, 4] . Invertebrates were first shown to contain a heparin or heparan sulfate type GAG [5] . A new GAG was isolated and characterized from a giant African snail (Achatina fulica, Figure 1A ), since then it has been extensively studied [6] . The soft body tissue of the giant African snail contained a large amount of GAG (~30 to 50 mg GAG/g dry defatted tissue). This GAG with an average molecular weight of 29,000 Da was named as acharan sulfate (AS) and it has a hybrid structure of heparin and heparan sulfate ( Figure 1B ). It has a unique disaccharide repeating unit composed of 4)--D-GlcNpAc (14)--L-IdoAp2S(1 which is depolymerized with heparin lyase II with minor structure variation [7] . In addition large oligosaccharides derived from AS were prepared and characterized by ESI-MS and NMR [8] . Jeong et al. reported the localization of AS in the body of the snail [9] . The result demonstrated that AS is secreted into the outer surface of the body from intestinal granules suggesting the main constituent of the mucus. Metabolic labeling with [35S]free sulfate as a meal supplements revealed that AS is widely distributed among several organs [10] . Also the variation of AS content was compared in eggs and snails in different ages [11] . AS content increases as the snail grows suggesting a main component for snail growth. Recently, AS affinity chromatography was prepared for the purification of human ceruloplasmin by one-step procedure without employing any other tedious chromatographic procedures [12] .
Since the discovery of AS, biological activities and applications were extensively examined. Initially, the biological activity of AS was proposed as a molecule related to snail mobility and an antipredator [6] . It was also proposed as a transporter of divalent cations [6] . So far, much of biological activity of AS was reported including antithrombotic, and antitumor activities. Chemical sulfonation of AS to N-sulfoacharan sulfate was performed to resemble heparin's structure in order to compare antocoagulant activity. Heparin is currently used as an anticoagulant. The assessment of in vitro anticoagulant activity showed that N-sulfoacharan sulfate was moderately active for the inhibition of thrombin and did not show anti-factor Xa activity [13] . In vivo anticoagulant activity of AS was also observed with long duration in blood compared with heparin [14] . Both AS and Nsulfoacharan sulfate exhibits the influence fibroblast growth factor-2 mitogenicity without significant growth factor binding [15] . However, AS and N-sulfoacharan sulfate did not show any antiproliferative activity [16] . Interestingly, AS inhibits angiogenesis in experimental inflammation model (carrageenin-and cotton threadinduced model) which is due to the inhibition of VEGFinduced vascular tube formation, not due to the inhibition of VEGF protein induction [17] . Diverse pharmacological activities including strong immunostimulating activity, hypoglycemic activity, antifatigue effect, and hypolipidemic activity were demonstrated [18] . The potential antitumor activity related to the inhibition of angiogenesis was reported in both in vitro and in vivo assays [19] . Most interestingly, nucleolin was found to be AS-binding protein on the surface of cancer cells [20] . AS may bind to the nucleolin receptor protein on the surface of cancer cells leading to the inhibition of tumor growth. Joo et al. reported that AS induces nucleolin translocation in A549 human lung adenocarcinoma which suggests the communication between AS and nucleolin plays a important role on signal transduction in tumor inhibition ( Figure 2 ) [21] .
Peptides: conotoxins (conopeptides)
There are numerous excellent reviews and research papers regarding conotoxins' discovery, property, synthesis, chemical modification, pharmacological activity, and applications. This section does not mean to cover all those articles, but addressed in this section is to give an initial insight to the reader who is seeking biologically active compounds from invertebrate natural products. Conotoxins are a cocktail of peptides with the size of 10-30 amino acids secreted from the venoms of marine cone snails (Conus) to capture prey ( Figure 3 ) which is extensively studied as potential lead compounds [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Conotoxins are comprised on six superfamilies (A-, M-, O-, P-, S-, and T-) based on the difference of disulfide frameworks, and each family has its own subfamily. For example, Asuperfamily has four subfamilies including α-, αA-, κA-, and ρ-conotoxins [33] . Conotoxins are disulfide rich peptides targeting the neuromuscular system, particularly ion channels and transporters with high specificity. The presence of posttranslational modification is one of prominent features of conotoxins including hydroxylation of prolines, carboxylation of glutamates, or sulfated tyrosines [31, 34] . Chemical modifications of conotoxins to improve their stability were applied such as residue substitution, backbone cyclization, and disulfide bond modification ( Figure 4 ) [30] . Therapeutic applications for targeting neuronal nicotinic acetylcholine receptors were reported [22] . Azam and Mcintosh reported the selectivity of different α-conotoxins to isoforms of nicotinic acetylcholine receptors [35] . Besides α-conotoxins, ω-conotoxins have received remarkable attentions as a highly effective analgesic drugs targeting voltage-gated calcium channels [33] . Several of conotoxins entered preclinical and clinical trials to treat severe pain and one of them (ω-conotoxin MVIIA from Conus magus) has received approval as a pain killer (Ziconitide, Prialt ® , marketed in US/EU) [30, 31] . Most of conotoxins are prepared using a solid-phase peptide synthesizer and recently biotechnological expression system (prokaryotoc or eukaryotic) was applied for a massive production [31] . E. coli is usually selected as the least expensive system to produce recombinant conotoxins, however, posttranslational modification remains to be solved which appears in naturally-occurring conotoxins.
Proteins and glycoproteins
This section will cover proteins and glyoproteins that appear in snails. Carbohydrate-degrading enzymes are discussed in the next section separately. Lectins are carbohydrate-binding proteins also called hemagglutinins and adhesions. Lectins are involved in diverse biological interaction and recognition process. The presence of lectins in the snail is attributed to be host defense mechanisms from the attack of diverse pathogens. The lectin of pathogens attaches to cell surface of host for the initiation of infection. Lectins specific to sialic acid have been purified from the snails, Achatina fulica and Cepaea hortensis [36, 37] . Lectin (Achatinin H ) purified from the hemolymph of Achatina fulica has the molecular weight of 242 kDa having agglutination activity to rabbit erythrocytes in the presence of Ca 2+ [36] . Among inhibitors, Achatinin H has α(2-6) linkages Nacetylneuraminic acid as the best inhibitor. Lectin from the snail Cepaea hortensis was purified in 1982 [38] and its specificity was reported in 1992 [37] . The effective glycoprotein inhibitors to this lectin are those possessing O-linked glycans only such as ovine submaxillary mucin, bovine submaxillary mucin, and glycophorin A [37] . Another lectin was purified, characterized, cloned, and expressed from the albumin gland of the snail Cepaea hortensis which exhibits the specificity to N-acetyl-Dgalactosamine/N-acetyl-D-glucosamine [39] . The most recently high molecular weight lectin (350 kDa) was purified and characterized from the mucus of the giant African snail (Achatina fulica) [40] . The lectin exhibited hemagglutination activity with Ca 2+ -dependent manner and antibacterial activity to both gram-positive and gramnegative bacteria. Antibacterial activity is possibly due to the agglutination of bacteria not due to the inhibiting bacterial growth. Antibacterial protein (achacin) from the mucus of giant Achatina fulica was found [41] , purified [42] , and cloned [43] .
Fibrogen related proteins (FREPs) are lectins produced by the fresh water planorbid snail Biomphalaria glabrata [44] . Recombinant FREPs were also produced in
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Escherichia coli [45] . FREPs are circulating defense proteins working as antigen recognition molecule. Hanington et al. reported the up-regulation of this lectin when Biomphalaria glabrata was infected with trematode parasite (Schistosoma mansoni and Echinostoma paraensei) [44] . Zhang et al. also reported that a wide range of pathogens (prokaryotes to eukaryotes) can be recognized by Biomphalaria glabrata FREPs suggesting the role of snail lectins as host defense molecules [45] .
Carbohydrate-degrading enzymes
Most of enzymes dealt in this section are carbohydratedegrading enzymes from freshwater and marine snails. Carbohydrate-degrading enzymes appeared in snails could be useful in the synthesis of glycoconjugates as well as the structure analysis of oligosaccharides in glycobiology research. The reader will encounter mannase, mannosidase, glucanase, glucosidase, cellulase, xylosidse, fucosidase, and galactan-degrading enzyme. These are all hydrolytic enzymes and some of the enzymes are already in the market.
Mannans where mannose is β1-4-linked are categorized to galactomannans, glucomannans, and galactoglucomannans based on the branched sugars. Mannan-degrading enzyme was purified from the brown garden snail Helix aspersa [46] . The enzymes were β-D-mannase (EC 3.2.1.78) with endolytic action pattern and β-D-mannosidase (EC 3.2.1.25) with exolytic action pattern. Endolytic type of β-D-mannase was also purified from viscera of the mud snail Pomacea insularus which generated mannobiose, mannotriose, mannotetraose, and mannopentaose from β1-4 mannan [47] . α-Mannosidase with at least two isoforms was partially purified from the apple snail Pomacea canaliculata [48] . The enzyme catalyzes α-1-2, α-1-3, and α-1-6 mannosidic linkages with hydrolytic mechanisms. β-Mannosidase (EC 3.2.1.25) were purified from Helix pomatia and Achatina fulica [49, 50] . β-Mannosidase from Achatina fulica cleaved β-mannosidic linkages of α-Man-(1-4)-β-Man-(1-4)-Man as well as a glycopeptide, Man-(GlcNAc) 2 -Asn-Ser.
β-Galactosidase (EC 3.2.1.23) with a molecular mass of 120-125 kDa was purified from the digestive juice of Achatina achatina by conventional chromatography [51] . This enzyme is a monomeric glycoprotein with carbohydrate content ~6% (w/w) that cleaves the β1-4 linkages much faster than the β1-3 and β1-6 linkages.
Endo-β1-4-glucanase with endolytic activity was purified and characterized from the digestive juice of the giant African snail Achatina fulica [52] . The enzyme exhibited high thermostability and pH stability. Endo-(1-3)-β-Dglucanase (EC 3.2.1.39) and β-D-glucosidase were isolated from the liver of the small sea snail Littorina kurila that hydrolyze laminaran [53] . These enzymes showed a different mode of actions when they decompose laminaran. [57] . From two apple snails (Ampullaria crossean and Pomacea canaliculata) cellulase genes were cloned, expressed, and characterized [58, 59] . β-Xylosidase and α-fucosidase were purified from viscera of the apple snail Pomacea canaliculata by using chromatographic techniques [60] . α-Fucosidase was also isolated from the hepatopancrease of Pomacea canaliculata with hydolytic activity to Fucα1-2Gal, Fucα1-4GlcNAc, and Fucα1-6GlcNAc, not to Fucα1-3GlcNAc linkages in diverse oligosaccharide structures [61] . Besides α-fucosidase, β-fucosidase (EC 3.2.1.38) was also isolated from the digestive juice of a giant snail Achatina Balteata and its physicochemical properties and kinetic studies were reported [62] . Galactan is storage polysaccharides in snails which has repeating unit of galactose forming branched and unbranched polymers. Galactan-degrading enzymes in embryonic snails of Biomphalaria glabrata was purified [63] . The relationship between parasites infection and glycosidase activity was reported. Infection of schistosome parasites to freshwater snails Biomphalaria glabrata caused changes in glycosidase activity levels [64] . Interestingly, glycosidase activity of susceptible snails was increased suggesting an important role of glycosidases in the host defense mechanisms.
Concluding remarks:
The first step in a new drug discovery is to search biologically active lead compounds. Most of researchers in natural products are mainly focused on screening medicinal plants to obtain effective lead compounds. As reviewed in this article, invertebrate source also produce highly active biological entities including glycosaminoglycans, peptides, proteins and glycoproteins (especially lectins), and carbohydrate-degrading enzymes. Therefore, mining invertebrate natural products could provide invaluable treasure as future therapeutics.
